Purpose: We developed a system for calculating patient positional displacement between digital radiography images (DRs) and digitally reconstructed radiography images (DRRs) to reduce patient radiation exposure, minimize individual differences between radiological technologists in patient positioning, and decrease positioning time. The accuracy of this system at five sites was evaluated with clinical data from cancer patients. The dependence of calculation accuracy on the size of the region of interest (ROI) and initial position was evaluated for clinical use.
| INTRODUCTION
Because particle beams have characteristics such as a Bragg peak and a steep lateral penumbra, they minimize the damage to surrounding normal tissues and effectively concentrate damage onto the tumor. 1, 2 However, the high-dose radiation still poses some risk to normal tissues and adverse effects can occur if the irradiation position shifts from the target. Therefore, accurate patient positioning is necessary for irradiation treatment.
For photon therapy, patient positioning is often determined using CT images acquired during treatment planning and cone beam (CB)
CT images acquired at the time of treatment. [3] [4] [5] [6] However, simple xray images are commonly used to determine patient positioning for particle therapy at many facilities. There are also some commercial CBCT solutions for particle therapy. For example, CBCT can be included within IBA equipment, although it is probably difficult to adapt this to prevent collision with the irradiation nozzle in a facility with fixed beam lines. Thus, positioning is based on bony structures using the x-ray images, with a certain margin added for the uncertainty of interfractional motion of the target to assure that the irradiation dose hits the target.
Our facility provides carbon ion radiotherapy as a treatment option for some cancers. ExacTrac (BrainLAB) is an automatic patient positioning system used in many photon therapy facilities. [9] [10] [11] Although this system achieves fast and highly accurate automatic patient positioning, it is incompatible with particle therapy, which requires visualization of bony structures, because all bony structures in the x-ray image size of the ExacTrac system cannot be seen. Mori et al. reported an automatic patient positioning system for carbon ion radiotherapy. 12, 13 The accuracy of the system was evaluated for tumors in three sites (pelvis, head and neck (H&N), and lung) and the authors reported the optimal metrics for the calculation. However, the system was not evaluated for use in other sites such as liver and pancreas. Additionally, the study did not mention the optimal region size for the calculation at each site. The positioning error could possibly be reduced by choosing the optimal region size for each target site.
We have developed a high-precision system for calculating patient positional displacement between digital radiography images (DRs) and digitally reconstructed radiography images (DRRs), to reduce the radiation exposure to patients, minimize individual differences among radiological technologists, and decrease the positioning time for carbon ion radiotherapy. In this study, to clarify the practicality of the system, the accuracy of this system was evaluated relative to our setup tolerance using clinical data from patients with tumors at five sites. Moreover, the dependence of calculation accuracy on the size of the region of interest (ROI) and initial positioning parameters were evaluated for each site. It may be useful to know the initial positional dependence to calculate the limits of our system.
| METHODS

2.A | Imaging devices
At our facility, CT images are acquired with x-ray CT (Aquilion LB, 
2.B | Patient data
Fifty patients treated at our facility for cancer of the prostate, lung, The system for calculating patient positional displacement between DRs and DRRs was developed based on a 2D-3D registration algorithm. [14] [15] [16] The system can calculate the positional displacements between the DR and DRR. A flowchart of the calculation algorithm for our system is shown in Fig. 2 Zero-mean normalized cross-correlation (ZNCC) 11, 17 was used to assess the similarity between DR and DRR. ZNCC is shown in eq. 1: the pixel spacing in H&N cases was 0.879 mm. The CT slice thickness at all sites was 2 mm. These values were separately calculated in translational and rotational directions.
Additionally, eq. 5 was used to determine if the errors were within our tolerance. If eq. 5 was satisfied, the calculation result was acceptable.
where t is a translational tolerance factor and r is a rotational tolerance factor. At our facility, setup tolerance is set at 2 mm. 19 Moreover, the angle corresponding to a 2-mm displacement over 7.5 cm (one half of the maximum irradiation field) is 1.53°. Therefore, t ¼ 2 and r ¼ 1:53 were used in this study.
2.D.2 | Preliminary verification using a head and neck phantom
Eight patterns of DR sets and DRRs of a head and neck phantom (Whole Body Phantom PBU-50, Kyoto Kagaku) were used to verify that our calculation system worked normally. The eight patterns of DR sets are shown in Table 1 
2.D.5 | Relationship between image correlations and errors
To evaluate the correlation between the calculation result and potential error in each image, averages of vertical and horizontal fðdÞand DD in the reference position were compared in all cases using the result of the Section 2.D.3 condition, and the correlation coefficient R was calculated for each site.
| RESULTS
3.A | Accuracy of the head and neck phantom
The average (and standard deviation) errors of translation DT, rotation DR, and DD for the head and neck phantom were 0.17 AE 0.05 mm, 0.17 AE 0.07°, and 0.14 AE 0.05, respectively. The calculation results for each pattern are shown in Table 1 .
3.B | Accuracy dependence on ROI size
The calculation results for the five sites are shown in When the initial position parameters for the translation and rotation were 20 mm and 2°, all cases were acceptable only for lung cancer.
In contrast, nine prostate cancer cases, seven H&N cancer cases, three liver cancer cases, and three pancreatic cancer cases were acceptable.
3.D | Relationship between the calculation error and evaluation function
The correlations between the calculation errors for the five sites and the evaluation function are shown in Fig. 6 . There was a low correlation for prostate, lung, and H&N (R < 0.4); however, a high correlation was found for liver and pancreas (R > 0.6).
| DISCUSSION
For the preliminary verification of the head and neck phantom, the average errors were within 0.2 mm and 0.2°, as shown in Table 1 .
Although these include variations due to the radiological technologists and the error of the calculation system, it was assumed that the system works normally and correctly.
Because all cases of prostate, lung, and H&N cancer were acceptable with their optimal ROI sizes ( Table 2) , they were accurate enough to be feasible at the actual treatment site. However, more than half of liver cancer and pancreatic cancer cases were unacceptable. Here, we consider the cause of large error in one case of pancreatic cancer. The red box in Fig. 7(a) Regarding the relationship between evaluation values and calculation errors DD shown in Fig. 6 , no correlation was found in prostate, lung, or H&N cancer cases, which had relatively small errors.
However, in the liver and pancreas cases, which had large errors, a correlation was found. We assume that in cases where the errors were large, the reproducibility of patient conditions (diaphragm position, gas position, and gas volume, for example) between treatment planning and actual treatment was low. Consequently, it is unlikely that the DR and DRR will accurately match on the bony structure for our system, even if the fðd i Þwas minimized (ZNCC d i ð Þwas maximized). Radiological technologists expertly adjust their images on the bony structure by omitting the above-described low-reproducibility regions on the basis of their knowledge and experience. It is currently impossible to automatically perform such calculations with our system. To address this problem, it is necessary to add a technique for omitting low-reproducibility regions from the calculation, as technologists do.
To illustrate the dependence of accuracy on ROI size at each site (Table 2 ), Fig. 8 shows DRR examples of calculation results in a prostate cancer case with a large ROI, a lung cancer case with a small ROI, and a pancreatic cancer case with a small ROI. First, we consider the size dependence of prostate, lung, and H&N cancer cases, which all were acceptable under the optimal ROI size condition. The errors were smallest with the small ROI in the prostate cancer case.
This finding can be attributed to the fact that the small ROI did not contain joints such as the hips, whose reproducibility is low. If the center of a small ROI moves the accuracy would be changed; however, the ROI center would not move significantly because the patient positioning is performed using the isocenter (center of the PTV), and therefore the accuracy may be little changed. With a large ROI, as shown in Fig. 8(a) , the calculation errors increased because the large ROI often included low-reproducibility areas such as joints and the bones just below the joints. However, the errors with the small ROI were largest in the case of lung cancer [ Fig. 8(b) ]. In these cases, the small ROI contained only low-density regions such as ribs,
but not high-density regions such as vertebrae and shoulder blades. We found that the errors were large if the reproducibility of the shoulder blades was low. In contrast, calculation accuracy was not dependent on ROI size in H&N cancer cases.
In liver cancer cases, the error was smallest with a small ROI. As shown in Fig. 7 , if the ROI was large, the diaphragm, whose reproducibility is low, was often included within the ROI. This inclusion caused increased errors because the calculation was affected by different positions of the diaphragm. In contrast, in pancreatic cancer cases, the error was smallest with a large ROI. Kumagai et al. and
Houweling et al. reported that the reproducibility of the volume or position of gas in the bowel surrounding the pancreas was very low. 22, 23 Therefore, as shown in Fig. 8(c) , when the ROI was small, the relative size of the low-reproducibility regions within the ROI increased, consequently increasing the error.
In cases of liver and pancreatic cancer with low calculation accuracy, the following two methods can be used to increase calculation accuracy: enlarging the ROI to include the bony structures necessary for calculation or excluding low-reproducibility regions such as the diaphragm, gas regions, and joints for the calculation. In this study, the calculation accuracy was evaluated under several initial positional conditions (2 mm, 0.2°; 5 mm, 0.5°; 10 mm, 1°; and 20 mm, 2°). In our previous study, the average of the absolute value of the initial deviation before positioning in prostate cancer cases was 3.0 AE 3.4 mm (maximum value, 14.8 mm). 17 In the case of patient positioning at our facility, because laser alignment is performed before x-ray image acquisition, there is no large error. Therefore, from the results in Fig. 5 , we assume that the calculation in almost all cases of prostate, lung, and H&N cancer might be acceptable. However, the calculation results for three H&N cases were unacceptable when the initial value was 20 mm and 2°. If the initial positional error is greater than 10 mm, it is necessary to devise a calculation.
The limitations of this study include the low number of cases included. Only 10 cases were analyzed per site. Different cases might have had different results. Thus, further analyses including a greater number of cases are necessary in the future. Additionally, evaluation of special cases, such as patients with metal implants, is necessary. 24 The verifications performed in this study tested only one image with some errors. To introduce this system to clinical sites, it is necessary to verify its effectiveness in actual positioning with testing involving repeating the calculating errors and moving a couch based on the calculated results.
The calculation system was evaluated on the basis of bony structures. The tumor matching method can improve the target delivered dose for liver or lung cancer cases. 20, [25] [26] [27] Either the automatic marker or soft tissue alignment method 28, 29 should be included in the calculation system to realize the tumor matching method for patient positioning.
| CONCLUSION
In this study, we developed a system for calculating patient positional displacement between DRs and DRRs, evaluated its practicality for patient data at five lesion sites, and assessed its ROI size dependency at these five sites. We found that almost all prostate, lung, and H&N cancer cases were acceptable for our setup tolerance in clinical practice. Additionally, our comparison of calculation errors for each ROI size suggested the causes of decreased calculation accuracy. In the future, it is necessary to determine how to exclude low-reproducibility regions from the calculation to improve accuracy in tumors of the liver and pancreas.
